SUMMARY
G . Bianchi, L. Tilde Tenconi and R. Lucca increase of PRC, while 3-6 days after the constriction the expansion of PV with the increase of CO contributed to the maintenance of the hypertension.
Since the report of Goldblatt et al. (1934) , the mechanism by which renal artery stenosis increases blood pressure has been extensively studied but certain problems remain :
(a) the relationship between the rate of blood pressure rise and plasma renin in the initial phase of renal hypertension, to evaluate to what extent renin might account for the early rise in blood pressure ;
(b) the role of cardiac output during the early blood pressure rise: the results obtained so far in dogs (Olmsted 8z Page, 1965a; Conway, 1968) and in rats (Ledingham & Cohen, 1963 Ledingham & Pelling, 1967) have revealed some discrepancies; (c) the sequence of the changes in renin, sodium balance, body fluids, and pressor sensitivity to angiotensin, to determine the pathogenic role of these factors in the different stages of development of hypertension.
The following two reasons might in part account for the fruitless attempts which have been made so far to clarify these problems:
(a) While there is good agreement that sodium balance, plasma renin, plasma and extracellular volume, cardiac output and pressor sensitivity to angiotensin are in some way interrelated in influencing blood pressure Brown et al., 1966a, by c; Wilson, 1964; Guyton, 1967; Romero et al., 1968; Prather et al., 1968; Laragh, 1967; Conway, 1966; Robinson et al., 1966; Floyer, 1966) no effort has been made so far to measure these variables simultaneously in renovascular hypertension.
(b) In most cases, renal artery constriction has been performed under anaesthesia. As it is known that both anaesthesia and surgery may influence plasma renin concentration (Mc- Kenzie, Ryan & Lee, 1967) , the cardiovascular system (Nash, Davis & Woodbury, 1956; Priano, Traber & Wilson, 1969) , renal sodium excretion (Blake, 1957) , and plasma volume (Bianchi, unpublished observations; Rieke & Everett, 1957) , it is likely that surgery and anaesthesia change the sequence of events.
To overcome these drawbacks, means have been devised in the present experiments to constrict the renal artery in the conscious dog, and the following factors have been simultaneously measured before and during the development of hypertension : blood pressure, plasma renin concentration, cardiac output, plasma and extracellular fluid volume, sodium balance, pressor sensitivity to exogenous angiotensin and plasma non-protein nitrogen.
Constriction was performed after unilateral nephrectomy.
M E T H O D S
Studies were conducted on conscious mongrel dogs fed on a standard diet calculated to maintain the body weight constant. Thus the sodium ingested by each dog fluctuated between 2 and 3 mEq kg-' day-' (average 2-46 mEq kg-' day-'). Water was given ad lib. The dogs were trained to stand up quietly for 2-3 hr without restraint in a cage and accustomed to all the procedures performed in this experiment.
Under pentobarbitone anaesthesia a right nephrectomy was performed through a flank incision, then one teflon catheter was inserted into the aorta via a carotid artery and another. into the superior vena cava via the external jugular vein. The external portions of the catheters were fixed posteriorly at the neck with an elastic bandage. The surgical procedures were performed aseptically and prophylactic penicillin was given preoperatively.
Two days later the animals were placed in metabolic cages and the amount of food and water ingested and the stools and urine excreted were measured daily at 09.00 hours. The amount of sodium and potassium contained in each single batch of food was checked at least twice.
Since we found the faecal sodium excretion distinctly higher than that of other authors (Brown et al., 1966c; Conway, 1968) , we also measured this fraction daily, finding values fluctuating between 10% and 30% of total sodium excretion in the different dogs. As the stools were lying on the grid floor of the cage, the possibility of urinary contamination was very likely. Faeces were collected and homogenized in 1 litre of distilled water and an aliquot was taken for leaching out sodium, for analysis by flame photometry as for urine. The body temperature was checked twice daily. After a period of 8-10 days the device to constrict the renal artery was implanted through a flank incision. As on the first occasion, surgery was carried out aseptically and prophylactic penicillin was given preoperatively. The thread connected to the stainless spring was passed, inside a polyethylene tube, through the flank wall posteriorly and fixed with an adhesive elastic bandage. A week later the blood pressure through the carotid catheter was measured together with plasma volume, extracellular fluid volume, cardiac output or angiotensin infusion and withdrawal of blood for the measurement of plasma renin, sodium and potassium concentration and non-protein nitrogen plasma concentration (NPN). All these procedures were made with the animals standing up and accustomed to this position over a period of at least 15 days, during which almost every day each animal was kept for up to 2 hr in the cage.
To avoid excessive bleeding, the blood withdrawn in aseptic conditions for cardiac output measurement was reinfused and the total amount of blood for measurement of plasma and extracellular fluid volume and of plasma concentration of renin, potassium and NPN was maintained near to 45 ml for each set of determinations. These measurements were repeated two or three times over a period of 3-4 days.
On the day of the renal artery constriction, blood pressure, plasma volume, cardiac output and the plasma concentrations of renin, Na, K and NPN were measured, then between 14.00 and 15.00 hours the artery was constricted by pulling the thread and pushing the polyethylene tube without any apparent change in the behaviour of the dog which was standing as usual. The blood pressure was registered throughout the period and cardiac output and renin were measured after 35-45 min from the constriction when, usually, the blood pressure increase reached its maximum. After 2 hr, plasma volume, renin, cardiac output, and, when stated, pressor sensitivity to angiotensin were measured again. All the stated measurements were repeated after the constriction at the intervals indicated in Tables 2, 3 and 4. No efforts were made to force-feed the dogs after the constriction to reach the basal amounts of sodium intake; thus, as is shown in Fig. 2 the changes of sodium intake after constriction may be large.
Constriction of the renal artery
Different types of clamps were studied in order to constrict a renal artery in a conscious dog. Finally, a clamp (average weight = 1-27 g) made of a teflon plate with a hole inside and a stainless spring was found most satisfactory. The clamps were applied to the renal artery I by extracting the spring from its guide and encasing the renal artery through a fissure of the teflon plate in the hole. The spring was again inserted in its guide and a thread was tied to the stainless spring and then passed in the polyethylene tube through the flank wall. Pushing the polyethylene tube against the stainless spring and pulling the thread, the stainless spring reduces the size of the hole in the teflon plate by approximately 70%. A series of clamps of different sizes were provided in order to apply a clamp with a hole of the same size as the renal artery. The measurement of the diameter of the artery was made with compasses, but because of the arterial spasm produced by the dissection it was not possible to know exactly the true size of the artery in the basal condition; thus the degree of constriction should be considered as very approximate. This fact may explain the great variability of plasma NPN changes. The constriction of the renal artery with this device was always confirmed at postmortem examination.
Blood pressure was measured by connecting the arterial catheter with a teflon tube (2 mm i.d. 50 cm in length) to a Statham pressure transducer fixed at the level of the dog's heart. During the period of acclimatization the systolic blood pressure was measured in the tail by an indirect method consisting of an occluding cuff and a capacitive transducer pressor recorder.
Cardiac output determinations were made with a dye indicator dilution curve method. The teflon tube for blood pressure measurement was connected to a Gilford densitometer for cardiac output determinations and arterial blood was drawn at 28 ml/min. The dye, cardiogreen (12.5 mg in 5 ml water), was injected into the venous catheter. Cardiac output measurements were always made in duplicate or triplicate; blood pressure was registered between the single estimations and the output curves were calibrated by the addition of three known quantities of dye to 10 ml samples of blood, which were drawn through the densitometer at the same rate as used above.
Total peripheral resistance was calculated from the equation mean pressure (mmHg) x 1332 cardiac output (ml sec-l) R (dyne cm-s sec-l) =
The mean blood pressure was the average of the mean pressure registered just before and just after the cardiac output measurement. Plasma renin concentration was estimated by the method of Brown and others (Brown et al., 1964; , modified only in that dialysis of the eluate from the DEAE column was performed at pH 3-0 instead of pH 2.5, because we have observed that the destruction of angiotensinase activity for the purpose of renin estimation does not differ to a statistically significant degree at the two levels of pH. On the other hand, the recovery of renin is increased at pH 3.0 (Bianchi & Riva, 1965) . With this method an arbitrary unit of renin is defined. This unit was taken as the quantity of dog renin contained in the plasma extract that, when incubated with an excess of previously prepared ox substrate at pH 5.7 and 37", in a total volume of 5 ml, formed 0.1 pg of angiotensinlml per hour on incubating the mixture.
Angiotensin infusion. The pressor effect of angiotensin was evaluated by infusing this substance at three different rates (5, 10 and 20 ng kg-' min-') for 10 min for each dose. Angiotensin (Asp-NH,-Val'-octapeptide, 'Hypertensin', Ciba) solution was freshly prepared for each dog in 0.9% NaCl and diluted to a concentration which required a velocity infusion of 0.1 ml/min for the lowest dose. The other doses were obtained by doubling the rate of the infusion. Plasma volume was estimated by the Evans blue dye method (Overbey et al., 1947) . The dye solution was injected in the venous catheter and after 10 min the blood for dye estimation was withdrawn from the arterial catheter.
To avoid interference by turbidity the dye was extracted from the plasma on solka-floc according to Campbell, Frohman & Reeve (1958) . Preliminary studies on three dogs demonstrated that the plasma dye concentration curves following one injection were identical in the same dog before and after renal artery constriction.
As we compared the value of plasma volume in the same animal we determined only the 10 min-point to avoid blood loss. The possibility of repeating with this method the measurement of plasma volume within short time intervals has already been demonstrated (Surtshin & Rolf, 1950) .
Extracellular volume was measured by the thiocyanate method (Ashworth et al., 1943) . As Elkinton & Taffel(l943) demonstrated that the volume of distribution of thiocyanate is fairly uniform during the first 4 hr after the injection, we determined only the 90 min-point after the injection, to avoid blood loss.
RESULTS
The survival of the dogs after the constriction, the changes of NPN and body-weight throughout the experiment and the cause of its interruption are shown in Table 1 . The NPN measurement was made in order to have a rough evaluation of the renal excretory function.
In dogs 498, 535, 290,463 and 454 the hypertension produced by the constriction was not accompanied by an increase of NPN greater than 45 mg/lOO ml, while in all the other dogs there was obvious depression of the renal excretory function. Except for the clinical signs of uraemia or hypertension, where indicated, with consequent changes in food intake, no symptoms of any other disease appeared. Body temperature was checked twice daily and during the experiment, no dog developed fever, except for dogs 498 and 121 which eventually developed fever and were then excluded from the experiments. Three other dogs which developed fever on the day of constriction or on the day after have not been included in the present series. One or 2 days before the constriction of the renal artery, blood pressure, cardiac output, cardiac rate, plasma volume and plasma renin concentration were measured at 14.00 and 16.00 hours in six dogs, in order to evaluate whether any changes occurred over the period the dogs were in the cages. No significant changes were found.
The major difficulty in the evaluation of these data arises from the fact that some animals were followed up to 12-14 days while in others the experiment was interrupted before for the reasons given in Table 1 . To help surmount this difficulty the calculation of the average values and the statistical comparisons shown in Tables 2, 3 and 4, were made separately for the group of animals followed for 12-14 days and the other dogs were included progressively according to the duration of the follow-up period.
Haemodynamic changes
For the evaluation of haemodynamic changes only the nine dogs (251,290, 121,227, 463, 231, 36, 454 and 417) in which cardiac output, stroke volume and total peripheral resistance have been measured, will be considered. Some of the single figures of mean blood pressure, plasma renin, plasma and extracellular volume, cardiac rate, cardiac output, stroke volume, The greatest increase occurred in the first 35-45 min, then the blood pressure increased more slowly. This behaviour was also evident for other dogs not included in Fig. 2 (see Table 3 ). On the other hand cardiac output tended to decrease at 35-45 min after constriction, returned to normal levels in the next 2-24 hr and increased on days 3-4 and 6-7 after the constriction. These increments were statistically significant, while the change at 35-45 min is not statistically significant (see Table 2 ). Stroke volume remained unmodified during the first few hours after constriction, and it was enhanced to a statistically significant degree the day after; then it remained at this level throughout the experiment. Cardiac rate did not show any particular change except for a small fall on the day after constriction (see Table 2 ).
Total peripheral resistance rose sharply 35-45 min after constriction and then decreased slowly throughout the experiment. Statistical calculation shows a significant difference with respect to the control values only for the measurements made at 35-45 minutes, 2 hr and 24 hr after the constriction (see Table 2 ). Looking at individual dogs' figures, the approximate pattern of changes described above was found in dogs 251,231,227 and 36. In dogs 463 and 41 7 the blood pressure increased slowly throughout the experiment and together with dog 535 (excluded from Fig. 1 ) these were the only animals of the present series in which the constriction of the renal artery did not produce a sharp increment of blood pressure. Dog 454 and dog 417 did not show any modification of cardiac output.
It may be concluded that the more frequent pattern of haemodynamic changes following the constriction of the renal artery to a lone remaining kidney is a sharp rise within 45-120 min of blood pressure and total peripheral resistance, while cardiac output, cardiac rate and stroke volume may slightly decrease or remain unchanged. Thus the elevation of blood pressure may be mainly attributable to the increase of peripheral resistance. On 3-4 and 6-7 days after constriction there may be a further slight increase of blood pressure accompanied by a progressive fall of peripheral resistance towards normal levels, while cardiac output increases mainly by a rise of stroke volume. Thus the elevated blood pressure at this stage may be attributable to the increase of both stroke volume and peripheral resistance. Table 3 shows the single dogs' values, means and statistical comparisons with basal figures. Fig. 1 shows the mean values of the nine dogs discussed in the preceding section. For plasma renin concentration, as for blood pressure, renal artery constriction produced a major increment within 45 min while afterwards the rise of renin occurred more gradually. In three dogs (dogs 498,496 and 537 of Fig. 2 ) a plasma sample taken 10-20 min from constriction showed a renin concentration 3-4 times greater than the basal level. The relationship between the changes of blood pressure and plasma renin concentration within two hours after the constriction of the renal artery is shown in Fig. 3 , where the increments of plasma renin concentration are plotted on a log scale, in order to show the existence of an approximately linear relationship. These data are compared with the similar ones previously obtained during and after renin infusion in conscious dogs, and already published (Bianchi et al., 1968) . As the pressor effect of renin is dependent on the sodium intake, a regression analysis has been made comparing the data obtained after the constriction of the renal artery with the data of the infusion experiments divided according to the two levels of sodium intake. Table 5 shows that there is no difference between the infusion experiments on a relatively low salt diet (0.95 mEq kg-I day-' Na intake) and the present experiments (2.46 mEq kg-' day-' average Na intake), while the linear regression between A renin and A blood pressure in the infusion experiments on high salt diet (8.7 mEq kg-' day-l Na intake) is statistically different from the one obtained after renal artery constriction. After 24 hr plasma renin was decreased with respect to the Table 5 ). Three to 4 days after constriction renin continued to decrease in four animals (290,121,231 and 36), to increase in one animal (251), increased again in four animals (498, 537, 227 and 477) and remained unchanged only in one (463). On 12-14 days after constriction plasma renin concen- The statistical comparison of the two values of (b) yields t = 4.149, P < 0.001 (between l(a) and 2); t -0.895, P > 0.30 (between t The statistical comparison of the two values of (a) yields t = 2.921, P<O.Ol (between l(a) and 2): t = 0.091, P>050 (between 16) and 2).
Plasnia renin concentration
I(b) and 2). tration retuned to the normal level in four (535,251,290 and 121) out of six dogs, remained slightly elevated in one dog (498) and increased in the other (537).
To conclude, constriction of the renal artery produced on average a sharp four-fold plasma renin increase within 45 min; renin was further slightly enhanced at 2 hr, then tended to fall to normal throughout the experiment. However, large fluctuations occurred in individual dogs, and in some animals (dogs 477, 537, 227, 463, 498 and 454) renin remained at high levels, or increased further. This particular pattern did not seem characteristic of a marked decrease of renal function since in three of the above dogs (463, 454 and 498) NPN was not above the normal levels. On the other hand renin sometimes decreased on the days following the constriction in dogs (36 and 496) with a marked increase of NPN.
Fluids and sodium metabolism
The single results with mean values of plasma volume and extracellular volume and of the cumulative sodium balance are given in Table 4 and Fig. 2 while the means of the nine dogs where haemodynamics were studied are shown in Fig. 1 . It may be seen that the constriction of the renal artery produced, on average, an increase of both plasma and extracellular fluid volume that began the day after, reached maximum on days 3 to 4, and 6 to 7, and declined on days 12 to 14 after constriction. Large fluctuations occurred in individual dogs. Plasma volume was clearly enhanced by the constriction of the renal artery in nine dogs (290, 251, 36, 498, 121 , 463,454,496 and 231) while it was unchanged in four (537,227,417 and, excluding the last measurement, in 477). The last four dogs all showed high renin levels throughout the experiment while in dogs 36, 290, 251, 121, 496 and 498 renin tended to decrease in the last days of the experiments.
Looking at the NPN values (Table 1 and Fig. 2 ) it does not seem that plasma volume was expanded in dogs with marked depression of the renal function. In fact all the animals with normal NPN values had an enhanced plasma volume while the four animals with unchanged plasma volume all demonstrated a clear increase of NPN.
Extracellular volume was expanded in eight dogs (498, 251, 121, 227, 463, 231, 36 and 417) and unchanged in four dogs (537, 290,477 and 454). The modifications of this compartment of body fluids did not seem related to the degree of rise of NPN. The cumulative sodium balance was positive to a statistically significant degree on the day after constriction, reached equilibrium within 3-4 days and became positive again 12-14 days after the constriction, being statistically different from the control period. It is worthwhile to note that while plasma and extracellular volume were increased to a statistically significant degree 3-4 days after constriction, the average cumulative sodium balance was in equilibrium at this stage. At 12-14 days sodium balance became slightly positive while both plasma and extracellular fluid volumes tended to return to normal.
This independence of the expansion of body fluids from sodium balance was particularly evident in dog 36 where a negative sodium balance was accompanied by an increase of plasma volume with a reduction of Na plasma concentration from 145 mEq/l to 134 mEq/l on the fourth day after constriction.
Pressor sensitivity to infused angiotensin
This factor was studied in only six dogs (498, 535, 537, 290, 477 and 496) and the results are shown in Table 6 and Fig. 2 . The pressor effect of angiotensin is clearly inhibited 2 hr after the constriction in all the dogs studied, except dog 535, where the constriction did not change the pressor sensitivity to angiotensin, or the blood pressure and renin at this stage. = days before constriction and + 2 = hours after constriction.
In the following stages the slight increase of blood pressure was not accompanied by a clear modification of the other factors. In the other five dogs the pressor sensitivity to angiotensin at 24 hr was enhanced with respect to the 2 hr level but in three dogs it still did not reach the basal values. On the following days this factor changed differently in the individual animals as is clearly demonstrated by Fig. 2 . Changes of plasma renin, sodium balance and blood pressure in the individual dogs might affect the pressor response to angiotensin. Fig. 4 shows a correlation of pressor effect of angiotensin with plasma renin concentration measured simultaneously. The concentration of angiotensin in the peripheral plasma should be proportional to the concentration of renin providing substrate concentration, activators or inhibitors of the renin/substrate reaction, and angiotensinase activities remain constant. Although some preliminary results seem to have indicated a parallelism between the changes of plasma renin and the changes of plasma angiotensin both in the anaesthetized dog (Brown et al., 1967a) and in man (Gocke et al., 1968) , this point has not so far been experimentally demonstrated but it is very likely on the basis of the results obtained on the plasma in vitro.
With these provisos we could use the concentration of angiotensin as corresponding to that 
As there is, within certain limits, a linear relationship between the pressor effect of angiotensin and the logarithm of the dose (De Bono et al., 1963) , or between A blood pressure change and A plasma renin change (see Fig. 3 and Table 5 ), an increase in the plasma concentration of angiotensin or renin (expressed as logarithms) should inhibit the pressor effect of a given dose of angiotensin according to the same relationship. Drawing a line (Fig. 4) between the two points obtained respectively before the constriction and 2 hr after, it is evident that only some figures lie on or very near the line. The results of dog 290 were similar to those of dog 496. It is clear from Fig. 2 and Fig. 4 that in some stages, which may be different in the individual animals, the pressor effect of angiotensin did not decrease according to the theoretical relationship with plasma renin concentration, but remained higher. The following mechanisms might explain this finding: (a) sodium retention throughout the post-constriction period, which could increase the reactivity of the vascular smooth muscle to angiotensin , (b) the capacity of renin to generate angiotensin, which could decrease because of a variation of renin substrate concentration, or in activators or inhibitors of the enzymatic system, (c) a decrease of the elimination of angiotensin from the circulation. At present no experimental data help in choosing between these hypothesis. However, many of the sensitivity changes to angiotensin in the individual dogs might be explained by the changes of sodium balance. In fact (see Fig. 2 and Fig. 4) , dog 537 developed sodium retention and an increase of pressor sensitivity to angiotensin on the seventh day after constriction, while in dogs 496 and 490 the same situation was clearly evident soon after constriction with, in addition, an expansion of plasma volume. In dog 498 an increase of the sensitivity to angiotensin on the fourth day after constriction was accompanied by expansion of plasma volume and slight sodium retention, while in the other stages the negative sodium balance on the seventh day and the positive balance on the fourteenth day might account for the modifications of the pressor response to angiotensin. The changes of blood pressure levels might themselves influence the response to vaso-active substances. In the present experiments such influence could not interfere with the changes observed 2 hr after constriction since the blood pressure remained almost at the same level from that time throughout the experiment.
DISCUSSION

Relationship between the rate of rise of blood pressure and plasma renin concentration
It is now clear (Pickering, 1968) that the rise of blood pressure after the constriction of the renal artery is produced by a humoral mechanism, and that plasma renin activity or concentration may be increased at least in the fust days following the constriction Brown et al., 1966c; Bianchi et al., 1966; Blair-West et al., 1968) .
In a previous paper the relationship between the changes of blood pressure and of plasma renin concentration was established by intravenous infusion of exogenous renin in the conscious dog. Fig. 3 and Table 5 show that the linear regression between the increase of blood pressure and plasma renin concentration during the infusion of exogenous renin in conscious dogs (on an average daily Na intake of 0.95 mEq/kg) is not statistically different from that during the secretion of endogenous renin from the ischaemic kidney, observed within 2 hr in the present experiments. Thus the fust rise of blood pressure produced by renal artery constriction might well be mediated through an increase of plasma renin concentration. This statement is also supported by the parallelism of the early changes of blood pressure and plasma renin in the individual animals (see Fig. 2 and Table 3 ) and by the haemodynamic studies showing a rise of peripheral resistance, although the reduction of cardiac output and heart rate during the infusion of angiotensin in the unanaesthetized dog is much greater (Olmsted & Page, 1965b) than that obtained in the present experiments.
On the days after the constriction it was no longer possible to find any significant linear regression between the changes of blood pressure and the changes of plasma renin concentration which fluctuated considerably in individual animals. Clearly in this period, at least in some dogs, other factors are probably involved in maintaining the high blood pressure, acting either through an increase of renin pressor sensitivity or through a mechanism independent of renin.
Haemodynamic changes
Normal values. Our average normal values of mean blood pressure (96.6 mmHg) and cardiac rate (89 beats/min) are similar to those obtained on conscious and well trained dogs in previous studies (Olmsted & Page, 1965a; Conway, 1966 Conway, , 1968 , while the mean cardiac output is slightly above the range of the values of the literature (Conway, 1968 (Conway, ,1966 Olmsted & Page, 1965a) . Differences of methods or of body weight might partly account for the discrepancy. In fact the body weight of our dogs was above the range of body weights of animals used in previous studies although it is not possible to make quantitative comparisons because of the lack of precise data in such studies.
Course of blood pressure changes.
The results obtained here demonstrate that the major increment of blood pressure occurred within 2 hr from the constriction in almost all the dogs studied, while afterwards blood pressure increased slowly or remained unchanged. The timecourse of the early rise of blood pressure was very similar to that demonstrated by Verney & Vogt (1943) in almost the same experimental conditions. On the contrary, it is generally considered as well established (Goldblatt et al., 1934; Olmsted & Page, 1965a ) that renal artery constriction and simultaneous contralateral nephrectomy performed in anaesthetized dogs produces a progressive increase of blood pressure reaching a plateau within approximately 10 days. Thus the surgical procedures under anaesthesia must have some influence on all the events occurring soon after the constriction of the renal artery in dogs. It has been demonstrated by Ledingham & Pelling (1967) that in the rat after renal artery stenosis and contralateral nephrectomy the blood pressure rose significantly at 2 hr and reached somewhat higher levels at 6 hr, while little further change occurred over the next 6 days; blood pressure then increased slowly again to reach a maximum after about 20 days.
Cardiac output, stroke volume, cardiac rate and peripheral resistance. Our data demonstrate a small and not statistically significant fall of cardiac output and cardiac rate at 3545 min from the constriction, while blood pressure and peripheral resistance increased sharply and stroke volume remained unchanged. These haemodynamic changes are similar to those obtained in unanaesthetized dogs during the infusion of angiotensin and support the concept that the first rise of blood pressure after renal artery constriction is produced by an increase in renin secretion. Two hr after the constriction, cardiac output, cardiac rate and stroke volume were at the preconstriction levels, whereas at 24 hr stroke volume was increased to a statistically significant degree, cardiac output remaining unchanged owing to the cardiac rate decrease. On the following days (3-4 and 6-7 after constriction) both stroke volume and cardiac output were increased and the hypertension could be roughly attributable to equal increase in cardiac output and peripheral resistance. These findings are in contrast with the results that Olmsted & Page (1965a) obtained in the anaesthetized dog. These authors found a decrease of cardiac output and cardiac rate 1-4 days after renal artery constriction and contralateral nephrectomy, while after 10-20 days both parameters returned to normal. The anaesthesia and surgery must have a great importance in determining this difference. Moreover in this paper there are no precise data on the effect of surgery and anaesthesia on sham-operated animals, on the number of animals that reached the 'chronic' phase of hypertension and on the depression of renal function. Thus no comparisons can be made with the present results. Conway (1968) recently found no changes of cardiac output on the fourth day and on the fifteenth day after constriction of the renal artery and contralateral nephrectomy in the dog. In these experiments the dogs were fed with a low salt diet (10 mEq/day) for 4 days after the constriction, to prevent the sodium retention of surgery. This procedure might also have prevented the body fluids expansion and the cardiac output increase. Ledingham & Pelling (1967) compared the haemodynamic changes occurring in rats developing hypertension after stenosis of the right renal artery and contralateral nephrectomy with the changes occurring in normotensive rats submitted to the same procedures, except that a loose clip had been applied to the right renal artery. In the hypertensive group stroke volume rose at 2 hr after the constriction and remained on average 8.5% higher than in the normotensive group for the duration of the experiment. Cardiac output and cardiac rate fell slightly in the fist 3 days after the constriction; as the heart rate rose again cardiac output increased and the values for hypertensive animals exceeded those for normotensive animals by an average of 10%. The pattern of the haemodynamic changes demonstrated by these authors in the rat are more similar to our results than the data obtained in the dog by Olmsted & Page (1965a) . The longer duration of the early depression of cardiac output with the earlier increase of stroke volume found by Ledingham & Pelling in the rat are the only differences with respect to our results. Species difference, anaesthesia, surgery and simultaneous contralateral nephrectomy may explain such discrepancies.
Fluid volume and sodium balance. Our normal values for plasma volume and extracellular volume do not substantially differ from the figures reported in the literature (Gibson & Robinson, 1938; Elkinton & Taffel, 1943) obtained with Evans Blue and thiocyanate methods respectively. Large differences in blood volume have been demonstrated in different breeds of dog (Scholer, 1965) . The disparity of basal plasma volume values of some dogs used in the present study may be explained on this basis.
The results obtained here demonstrate that the average plasma and extracellular volume values increase on the day after the constriction, reach a maximum on the sixth to seventh day and tend to return to normal values on the twelfth to fourteenth day. However large fluctuations occurred in individual animals and a small percentage of them did not show any change of one or both variables. Once again the similarity of our results and Ledingham's data is evident. In fact Ledingham & Cohen (1964) demonstrated that the hypertension produced in rats by unilateral nghrectomy and renal artery stenosis was accompanied by a transient expansion of thiocyanate space and plasma volume, both parameters tending to return to normal within 14 days from the renal artery constriction. Conway (1968) did not find any significant change of plasma volume at the fourth and fifteenth days from the constriction of the renal artery and contralateral nephrectomy. As has already been stressed, anaesthesia, surgery or the low salt diet administered for 4 days after the constriction might have prevented the expansion of plasma volume. Gibson & Robinson (1938) found an increase of plasma volume in two out of four dogs 1-5 months after bilateral renal artery stenosis while in one dog plasma volume was substantially unchanged and in the last one it was decreased. On the other hand, Crawford, Richardson & Guyton (1967) , by a gradual constriction of the renal artery to a lone remaining kidney in the conscious dog, provided indirect evidence of an expansion of extracellular volume during the increase of blood pressure.
The measurement of sodium balance showed a sodium retention on the day of the constriction, then the cumulative sodium balance returned to equilibrium on days 3-4 and 6-7, to become positive again to a statistically significant degree 12-14 days after the constriction.
K
Davis et al. (1966)
demonstrated a reduction of renal Na excretion from 2 to 4 days after renal artery constriction in uninephrectomized dogs. The effect of surgery and anaesthesia on sham-operated animals is not reported in this study. As it is known that both procedures may lead to sodium retention, no conclusion on the effect of renal artery constriction on sodium balance can be drawn from these experiments. Conway (1968) did not find any significant difference in sodium balance between controls and constricted animals during the first 4 days after surgery while over the period from day 5 to day 15 after surgery, the cumulative sodium balance of hypertensive animals was positive, averaging 78 mEq higher than controls. These results are similar to ours except for the slight sodium retention on the day of the constriction observed in our dogs, which may well be explained by the very different experimental procedures.
One of the most striking aspect of our findings was the independence of the expansion of fluid volume from the sodium retention on days 3 4 and 6-7 after the constriction. Such independence was particularly evident in dog 36 where a negative sodium balance was accom- The reasons for the return to normal of the raised renin levels. Changes of sodium balance, body fluid volume or renal blood pressure might all reduce the high renin levels. The sodium retention in the first 24 hr after the constriction might well be responsible for reducing enhanced plasma renin levels at least in the majority of the dogs. Three to 4 days after constriction the cumulative sodium balance was in equilibrium and the average plasma renin tended to increase. At 13-14 days renin returned to normal levels in five out of six dogs and sodium balance became positive again. Thus the average plasma renin changes may well have been in accordance with the variations of the cumulative sodium balance.
Looking at the values of these two variables in single dogs it is not always possible to find an inverse relationship between sodium balance and plasma renin concentration changes. In dog 36 renin returned to normal in spite of a negative sodium balance, with a decrease of plasma sodium concentration. In this dog the expansion of plasma and extracellular volume may have been responsible for the renin decrease.
The importance of plasma volume in reducing plasma renin concentration might also be inferred from the observation that in the majority of dogs with expanded plasma volume, renin tended to return to normal levels while in the animals with plasma volume unchanged renin tended to remain high. The expansion of plasma volume, per se, reduces plasma renin concen-tration by a dilution effect. But this mechanism cannot entirely account for the big changes of plasma renin concentration observed in the present experiment. Thus an inhibition of renin secretion or an increase of renin destruction seems very likely.
Recently (Newsome & Bartter, 1968) it has been demonstrated that the expansion of plasma volume with albumin may reduce a high renin level obtained with sodium depletion. The relationship between sodium balance and fluid volume in regulating renin secretion has not yet been fully clarified, but from the above findings it is evident that on some occasions changes in fluid volume may supersede sodium balance as a determinant of plasma renin concentration. The relevance of the restoration of renal blood pressure as a cause of inhibition of the renin secretion cannot be evaluated in the present experiments since blood pressure beyond the stenosis was not measured. The possible role of a renin 'preinhibitor' in reducing renin levels (Sen, Smeby & Bumpus, 1969) can also not be excluded.
Sequence of changes of renin, sodium balance, fluid volume, pressure sensitivity to angiotensin during the development of renovascular hypertension in relationship to some theories of the pathogenesis of renovascular hypertension Among the many theories to explain renovascular hypertension, the 'excess-renin' theory (Goldblatt, 1958 Guyton & Coleman, 1967) are both supported, in our opinion, by a great deal of experimental evidence. Thus we shall attempt to establish to what extent our data fits in with one or the other of these theories.
It has been suggested that the following events occur during the development of hypertension : the increase of plasma renin concentration caused by renal ischaemia, through the formation of angiotensin, would raise blood pressure and increase the secretion rate of aldosterone. Increased aldosterone would produce sodium retention which, in turn, might on the one hand increase the pressor sensitivity to angiotensin and on the other decrease the secretion of renin. Thus hypertension might be produced initially by the excess of renin in the blood, then by the synergism between the effects of renin and of sodium retention and later by an increase of the pressor sensitivity to angiotensin. Many of our results are in keeping with this theory. In the first 2 hr after the constriction of the renal artery renin was present in the blood in sufficient quantities to account for the rise of blood pressure, and the haemodynamic changes were consistent with this hypothesis, while pressor sensitivity to angiotensin was depressed. At 24 hr sodium retention developed in nine out of eleven dogs, together with a decrease of renin, and a relative enhancement of pressor sensitivity to angiotensin developed in three out of four dogs which had Na retention.
After a short period during which sodium balance reached equilibrium, sodium retention developed again 13-14 days after the constriction while renin returned to normal levels in five out of six animals. The data on angiotensin infusion in this period are too scanty for definite conclusions. However the great variability of the angiotensin response from 24 hr after constriction in the individual dogs, depending mainly on changes in plasma renin concentration, sodium balance and plasma volume, might demonstrate the involvement of this factor in the homeostatic readjustment after renal artery constriction.
Also some of the experimental data available on renal hypertension in rats may give support to this theory. In fact when the hypertension is produced by constriction of the renal artery and contralateral nephrectomy total body sodium (Tobian, Coffee & McCrea, 1965) and pressor responsiveness to angiotensin areincreased (Gaskell, Jones & Shapiro, 1964; Christlieb, Amsterdam & Hickler, 1968) , while estimation of an undefined pressor material in the blood gave normal values (Schaechtelin, Regoli & Gross, 1963) . Conversely if the hypertension was produced by constriction of the renal artery leaving the opposite kidney intact, the pressor material in the blood was enhanced (Schaechtelin et al., 1963) , while total body sodium (Tobian et al., 1965) and pressor sensitivity to angiotensin (Christlieb et al., 1968) were not modified.
But other experimental evidence does not seem to be in keeping with this theory. McCaa et al. (1965) found a decrease of aldosterone secretion in the first days following the constriction of the renal artery and contralateral nephrectomy in the dog. In the present experiment sodium balance was in equilibrium 3-4 days after constriction while plasma and extracellular volumes were clearly expanded and cardiac output was increased. The reasons which may explain the independence of body fluid volume from sodium balance have been indicated above.
These findings would seem to support the 'autoregulation' theory. According to this theory an increase of cardiac output sustained by an increased myocardial contractility or increased atrial filling-pressure might be the cause of the rise of blood pressure. Eventually hypertension might be maintained by an increase of peripheral resistence caused by the autoregulation processes of the peripheral blood flow, while cardiac output would revert toward normal levels. Of course, in the present experiments, this mechanism might play only a contributory role in the later development of hypertension since it has been demonstrated that increase of peripheral resistance and of renin are the primary changes during the early blood pressure rise.
The individual differences in responses to the renal artery constriction are interesting. In some dogs plasma volume seemed to increase to a greater extent than in others, while the duration of the increase of plasma renin concentration seemed to be lower in the former group than the latter. Extracellular volume also remained unchanged in four animals. It has been already mentioned that such differences do not seem to depend on the degree of depression of renal function even though such mechanism (or the experimental error) may play a part in producing them.
In the literature it is possible to find other examples of individual variability in response to the same hypertensive stimulus. Blair-West et al. (1968) demonstrated that during the development of renovascular hypertension in sheep two patterns of change may be seen. Some animals became sodium depleted and renin and aldosterone increased to high levels, while in the others sodium depletion was absent or very slight and renin and aldosterone levels were reduced to normal (unfortunately also in this case the degree of renal artery constriction could not be properly evaluated). Rats may be separated into two strains by selective inbreeding techniques, one prone and the other resistant to developing hypertension on a high salt diet (Dahl & Schackow, 1964; Bianchi, 1968) .
Biological variation in the pathogenesis of hypertension has been poorly studied so far. If we admit that stenosis of the renal artery disturbs, in some way, the homeostatic mechanism regulating body fluid volume, sodium balance, blood pressure and tissue perfusion, it seems reasonable to suppose that each individual will try to achieve a new equilibrium utilizing those physiological systems developed by the genetic and/or environmental influences which have produced that particular individual. This hypothesis might partially account for the great variability of renin levels, pressor responsiveness to angiotensin or body fluid volumes found in human hypertension. In this respect it may be worthwhile to recall here the recent results obtained by one of us in collaboration with others (Bianchi e l al., 1969) measuring plasma renin concentration and plasma and extracellular volume in patients with 'essential' and renovascular hypertension. In the case of renovascular hypertension with normal plasma renin concentration, plasma and extracellular volumes were significantly increased, while in those patients with raised plasma renin concentration, extracellular volume estimates were not different and plasma volume measurements barely raised when compared with values obtained in patients with 'essential' hypertension.
Of course it should be emphasized again that, before speaking of individual variation other causes of variability, such as degree of experimental stimulus, experimental error, stage of the disease, etc., must be ruled out. Unfortunately only some of the above conditions may be regarded as entirely met. At present it is not possible to establish to what extent the changes of renin, cardiac output and the autoregulation mechanism are interlinked. Thus the relationship between the 'excess-renin' mechanism and the 'autoregulation' mechanism remains obscure. Such mechanisms might be regarded as different steps of the progressive readjustment of the homeostatic equilibrium among renin, body fluid volume, sodium balance, blood pressure and tissue perfusion. In fact, the sudden increase of renin soon after the constriction of the renal artery may represent the immediate readjustment, while the increase of body fluid volume and cardiac output may be considered a short-term type of readjustment; finally, autoregulation of peripheral blood flow might be the long term mechanism sustaining the hypertension.
